ZnO nanoparticles were prepared on Si substrates by a mist-atomisation technique. Precursor of aqueous solution zinc nitrate and HMTA were released on substrates heated at 200, 300, and 400
Introduction
Zinc oxide (ZnO) is a very versatile material with a wide variety of usage (due to its properties such as white appearance, nontoxicity, antibacterial, polarity, and high thermal conductivity). ZnO is a thermally stable semiconducting metal oxide with wide energy band gap of 3.37 eV. In the field of electronics, some of its optoelectronic usages are as sensor, laser diode, light emitting diode (LED), and dye-synthesised solar cells. Nanostructured ZnO has been found to form various kinds of growth morphologies, like nanorods, nanowire, nanobelts, nanoflower, and tetrapods [1] [2] [3] . Synthesis of ZnO are carried out by many methods like chemical vapour deposition (CVD) [4, 5] , pulsed laser deposition (PLD) [6, 7] , magnetron sputtering [8] , microwave irradiation [9, 10] , hydrothermal [11] , sol-gel [12] , solution method [13] and also spray pyrolysis [14] . Mist-atomisation is a process similarly known as spray pyrolysis. It is a physicochemical synthesis method used by advanced material researchers to produce thin film metal oxide nanostructures. Not restricted to metal oxides, this method may be used for production of simple oxides, binary, ternary oxides and superconducting oxides [15] . The process involves spraying precursor solution onto heated surface and the constituents react to form the intended products [16] . In this investigation, ZnO nanoparticles have been successfully grown by mist-atomisation deposition technique on Si substrate.
It was stipulated that besides concentration of precursor solution, deposition time and gas flow rate, temperature of the substrate significantly affects the final morphology and thickness of ZnO nanoparticles [15, 17] . A good quality nanostructured thin film is attainable by the formation of mist with small droplets and uniform distribution. In this investigation, by keeping the spraying rate constant, the temperature of substrate was varied at 200, 300, and 400
• C 
Experimental
ZnO nanoparticles were obtained by a mist-atomisation technique in air atmosphere. This cost-effective method is suitable to deposit large area of substrates with metal-oxide nanostructures at low temperature. The setup consisted of three components, that is, a steel pneumatic atomiser, hot-plate deposition surface, and our own designed acrylic chamber, 50 × 50 × 50 cm 3 ( Figure 2 ). The distance of the atomiser to hot-plate surface is thus fixed at 39.5 cm. Temperature inside the chamber was measured using IR thermometer Brand Fluke 62 Mini IR and was detected to be approximately 30
• C less than temperature of regulated substrate surface. The initial solution is zinc nitrate hexahydrate (Zn(NO 3 ) 2 · 6H 2 O dissolved in deionised (DI) water and mixed with aqueous solution of hexamethlyenetetramine (C 6 H 12 N 4 ) (HMTA) at 0.05 M concentration at 1 : 1 ratio. The precursor solution was released under high pressure through a tiny orifice with aspiration of atomic magnitude and subsequently contained as mists at ambient before it landed on the chosen substrates forming nanostructures of product. The growth was performed with a spray rate of 10 mL/min on three different types of Si substrate surfaces at three different hot-plate temperatures of (T s ) 200, 300, and 400
• C with an accuracy of ±5 • C. The first surface is bare silicon (Si), the second surface is 6 nm of gold layer on Si substrate (Si/Au), and the third surface is 1 um ZnO nanorods on Si/Au (Si/Au/ZnO) ( Figure 1 ). The preparation techniques for the substrates have been explained elsewhere [18] . The obtained films were dried and annealed at 600
• C for 1 hour and showed good adhesion to the substrate surface.
Structural characterisation was carried out by X-ray diffraction (XRD) using Rigaku RINT 2200/Ultima IV, Cu Kα radiation over the range 2θ = 30−40
• at room temperature. The surface morphology was investigated using JEOL JSM-636 OLA scanning electron microscope (SEM). Photoluminescence (PL) measurement was performed on PL-Raman (Horiba Jobin Yvon) at room temperature using a He-Cd lamp with excitation wavelength 325 nm.
Result and Discussion
This simple method was carried out at ambient without the need of a vacuum rendering it suitable for large-scale industrial applications [19] .
XRD.
The XRD spectra on different substrate temperatures were presented in Figure 3 . The results obtained were line-indexed with ZnO powder sample reported in JCPDS card no. 36-1451. All spectra showed strong prominent crystal diffraction planes of (100), (002), and (101) except for weak diffractions shown on Si/Au substrate at T s = 400
• C. The observed diffractions are similar to those found in bulk ZnO.
ZnO prepared on Si (Figure 3 (a)) at 400
• C exhibited high domination of (002) lattice orientation showing preference of c-axis orientation. This occurrence has been established to be due to lowest surface energy according to Wulff 's theorem [20] . The theory stated that the equilibrium of crystal formation was to achieve minimum total surface energy for a given volume. Lowest surface energies are represented by the largest crystal surfaces and interplanar distances.
The XRD spectra of ZnO on Si/Au ( Figure 3(b) ) exhibited extra lattice peaks belonging to gold (Au) peaks which are also noticeable at 33.096 and 38.215
• . At 400
• C, the intensity of lattice peaks of ZnO was completely reduced. The eutectic point of Au with Si substrates is 363
• C [21] . Therefore, at this higher temperature of 400
• C, the two solid of Au and Si coexist and may have caused the anomaly in the XRD pattern. This may also caused violent movements of Zn and O atoms led to improper growth of ZnO. However, the lattice ratio c/a remained the same of 1.601 at 200 and 400
• C, and 1.602 at 300
• C.
Journal of Nanomaterials • C revealed prominent (002) lattice which appear to provide the optimum substrate temperature to grow vertically aligned ZnO possibly. The combination of this temperature and types of surface has definitely favoured the movement and placement of Zn and O atoms into proper site.
Lattice constants a, c, lattice ratios c/a, crystallite size, and % strain obtained from the XRD data of all the samples are presented in Table 1 . Crystallite sizes were calculated by Williamson-Hall method. The lattice values are found to be very close to hexagonal ZnO powder sample standard values of a = 0.3249 nm and c = 0.5205 nm [22] , indicating that the material prepared is pure ZnO hexagonal wurtzite type structure. Crystallite size and % strain of all the prepared samples obtained from the analysis of XRD data [23] , plotted as a function of temperature as shown in Figures 4(a) and 4(b) .
Earlier works has shown that lattice parameters are temperature dependent. Expansion of lattice and particle size are in accordance with increase in temperature [24] . In this work we found that crystallite size of ZnO nanoparticles increased as T s increased for sample deposited on Si and Si/Au. Increment of particles size with increasing temperature of substrate has also been reported by other literature for semiconducting material by spray-pyrolysis methods [25, 26] . The increase in size may be caused by integration of smaller particles into larger particles as indicated by Ostwald's ripening, which resulted to be due to potential energy difference among large and small particles via solid state diffusion.
However, the crystallite size showed shrinkage at higher T s of 400
• C on Si/Au/ZnO substrate. The predeposited ZnO layer may have acted as an insulation layer resulting in similar effect to the thermal decomposition of the precursor droplets as it approaches the surface of substrates as those of lower T s .
Upon calculation of % strain between ZnO nanoparticles to the substrate (Figure 4(b) ), ZnO on Si/Au substrate matched excellently as it was strain-free and simultaneously produced the smallest crystallite size. The predeposited ZnO layers were made up of ZnO nanorods with (002) lattice orientation. Lattice matching is another factor for superior growth of ZnO on substrates. A study carried out by Li et al. [27] comparing growth of ZnO on Si (111) and (100) has shown that ZnO grown on Si (111) exhibited greater growth density of ZnO nanorods compared to on Si (100). Thus predeposited ZnO film with other lattice orientation should also be considered for further studies. This result suggests that the assumption of compatibility is not limited to type of material but rather also on the crystal orientation of the material, and thus needs further investigations.
From the result, deposition of Zn 2+ solution by mistatomisation technique has proven to be capable of producing nanosized crystals of ZnO. Thermogravimetric analysis (TGA) of the precursor solution showed that it degraded at 160
• C [18] , thus at the chosen substrate temperature of 200
• C and above, the precursor would have been dissociated as it reaches the surface of substrates [17] . (Temperature inside chamber has been described at experimental.) Optimum deposition condition may have been achieved since the solvent was completely removed just before the droplet reaches the substrate [15] . The surfaces of the substrates were of dissimilar temperatures therefore the chemical reaction may have taken place either prior to, throughout, or subsequent to the mists of precursors reach the surface of the substrate.
The 
It is suggested that zinc nitrate hexahydrate combined with HMTA molecule and formed a hydroxide complex (1). HMTA is an amine molecule which helped to chelate the Zn 2+ ion [18] (2) and adsorbed on the sample and helped to determine growth morphology and irrelevant to the transition process [28] . The complex then dissociated into solid Zn(OH) 2 while HMTA vapourised. Upon heating, Zn(OH) 2 transform into ZnO and excess H 2 O removed (3).
SEM.
The surface morphology of deposited nanostructured ZnO was captured by SEM. The mist-atomiser deposition of ZnO produced nanogranular structure in the range of 50-120 nm in most samples. The granules are rounded grains which interconnect if remain heated. Figure 5 (a) (i)-(iii) show the SEM micrographs of ZnO deposited on Si at 200, 300, and 400
• C. Thermal oxidation of Si substrate has been reported to occur at temperature higher than 400
• C, for example, from 800
• C thus the substrate surface may be safely assumed to remain inert at the selected substrate temperatures [29, 30] . It is clearly seen that with increasing substrates' temperature there is a tendency for the granules to interconnect as higher energy allows the grain boundary to expand and thus blend with other granules and form bigger grains. The interconnecting granules (50-120 nm) are also observed on samples deposited on Si/Au. This is thought to be due to the better efficiency of gold in conducting heat, having thermal conductivity of ∼310 W/mK [31] relative to Si which is less than 200 W/mK [32] . For the same reason, ZnO deposited on Si/Au ( Figure 5(b) ) at 400
• C showed bigger clusters of grains at ∼200 nm with greater disbanded granular boundaries.
The predeposited ZnO layer may have acted as an insulation layer resulting in similar effect to the thermal decomposition of the precursor droplets as it approaches the surface of substrates as those of lower T s . The effect of heat to ZnO nanoparticles on Si/Au/ZnO was different compared to those on Si and Si/Au substrates. Heating at 400
• C has not caused the expansion of the grain boundaries for the reason that ZnO has thermal conductivity value of less than 2 W/mK [33] , therefore the effect of 400
• C was not as intense as it was on Si or Si/Au substrates. Heat transport phenomena upon reduction of particles size, phonon modes, and phonon densities need to be carried out in a separate investigation as it proved to be a very interesting and important technological area [34] . Figure 6 (a) illustrated the room-temperature PL spectra (excitation at 325 nm) of the samples deposited on Si at 200, 300, and 400
Photoluminescence Emission.
• C, Figure 6 (b) on sample deposited on Si/Au and Figure 6 (c) on sample deposited on Si/Au/ZnO. Two emission bands could be observed from these samples, that is, (i) near band edge emission (at ultraviolet (UV) range) due to freeexciton recombination and (ii) visible emission, a deeplevel-emission (DLE) mostly in yellow-orange region was a consequence of presence of structural defect and impurities on the surface of samples [35] [36] [37] . Visible peaks at yelloworange emission band around 580 nm were generally emitted by all samples. This band is common among solution-based grown ZnO, and has been considered to be due to oxygen interstitial (O i ) related defects [38] , that is, excess oxygen and presence of hydroxyl group and is related to the amount of exposed polar surface of Zn-and O-atom [39] . The UV emission of ZnO nanostructures deposited on Si and Si/Au substrate on dissimilar temperatures showed a red-shift, that is, to a lower energy when the substrates' temperature changed from 200 to 400
• C. The result was consistent with the XRD, SEM findings, which revealed that the grain size were smallest at 200
• C and expanded when the temperature of substrate increased [23, 40, 41] . The UV emission peaks of ZnO deposited on Si/Au/ZnO blue-shifted with increased substrates' temperature, showing coherent findings that as size decreases UV emission moved to higher energy level. An almost negligible UV emission can be seen for sample deposited on Si/Au substrates at 300 and 400
• C which some attribute to excess -OH group that is responsible for quenching of the exciton emission [39] . The -OH group may have originated from solvent trapped in empty octahedral site in the hexagonal lattice structure of ZnO.
The ratio of the intensities of UV to visible emission (I UV /I Vis ) as a function of substrate's temperature (Figure 7 ) was also analysed. It can be seen that prominent ratios are found on T s = 200
• C for all samples while bare Si surface has higher I UV /I Vis ratio relative to Si/Au and Si/Au/ZnO.
Conclusion
Mist-atomiser has been successfully developed to prepare ZnO nanoparticles. This technique is economical, simple, and practical for mass-production purposes of ZnO thin films. Effects of Si substrates' surface type and substrates temperature, on the structural, morphological, and photoluminescence emission of ZnO nanoparticles have been investigated. X-ray diffraction patterns confirmed that all samples showed that polycrystalline nature corresponds to ZnO wurtzite structure. It was found that crystallite size and lattice strain were significantly affected by substrate surface type and temperature. Smallest crystallite size was found on Si/Au/ZnO at T s = 400
• C, gold layer on substrate revealed no lattice strain at all deposition temperatures and at T s = 400
• C there was negligible strain on all substrates. PL emission study was in agreement with the expansion of crystallite size study. The chemical reaction that took place has been suggested as well as explanation for growth outcome. Both substrate surface type and deposition temperature has been found to significantly affect crystalline structure of ZnO nanoparticles.
